Aicardi-Goutières syndrome is a mendelian mimic of congenital infection and also shows overlap with systemic lupus erythematosus at both a clinical and biochemical level. The recent identification of mutations in TREX1 and genes encoding the RNASEH2 complex and studies of the function of TREX1 in DNA metabolism have defined a previously unknown mechanism for the initiation of autoimmunity by interferonstimulatory nucleic acid. Here we describe mutations in SAMHD1 as the cause of AGS at the AGS5 locus and present data to show that SAMHD1 may act as a negative regulator of the cell-intrinsic antiviral response.
would identify cellular components with key roles in the pathogenesis of acquired autoimmune disease 8 .
In 2006 we reported that recessive mutations in any of the genes encoding the 3¢-5¢ exonuclease TREX1 (TREX1, previously known as AGS1) 9 or the three nonallelic components of the RNASEH2 endonuclease complex (RNASEH2B, RNASEH2C and RNASEH2A, also known as AGS2, AGS3 and AGS4, respectively) 10 result in AGS. We further showed that heterozygous TREX1 mutations can cause both a dominant form of AGS and a cutaneous subtype of SLE, called familial chilblain lupus (CHBL, MIM610448) 11 . Subsequently, others have demonstrated heterozygous TREX1 mutations in a cohort of individuals with SLE 12 .
Because TREX1 and RNASEH2 are nucleases, we hypothesized that these proteins are involved in clearing cellular nucleic acid debris, and that a failure of waste removal may result in immune activation, specifically triggering the innate immune response that is more normally induced by viral nucleic acid 9 . Subsequently, Yang et al. 13 demonstrated that human TREX1 deficiency does indeed result in the intracellular accumulation of abnormal single-stranded DNA species. Furthermore, Stetson et al. 14 have shown that in Trex1-null mice, a type I interferon response accrues from activation of a TLR-independent pathway involving IRF3. Collectively, these studies have allowed the definition of a novel cell-intrinsic mechanism for the initiation of autoimmunity by interferon-stimulatory nucleic acid, and they offer a mechanistic explanation for the phenotypic overlap of AGS with congenital infection and SLE. That is, in the absence of TREX1 or RNASEH2 activity, endogenous nucleic acids accumulate and are sensed as viral or 'nonself' , leading to the induction of an IFN-a-mediated immune response. The identification of additional cellular components involved in this important aspect of innate immunity is therefore of great interest.
In a genotype-phenotype analysis, we previously showed that 17% of families with AGS do not have identifiable mutations in TREX1, RNASEH2B, RNASEH2C or RNASEH2A 15 . In four consanguineous families (AGS73, AGS84, AGS109, AGS128) screening negative for mutations in these genes, we undertook extended genetic analysis. First, on the basis of genotypic discordance between siblings or an absence of homozygosity, we showed that these pedigrees were incompatible with linkage to TREX1, RNASEH2B, RNASEH2C or RNASHN2A (data not shown), thus indicating further genetic heterogeneity. In order to identify other genes involved in AGS, we conducted a SNP array genome-wide scan using affected individuals from these four families, and identified a 2-cM region of shared homozygosity on chromosome 20q11 ( Supplementary Fig. 1 online) . High-density microsatellite genotyping in this interval was then carried out using the four mapping families plus a further two consanguineous AGS pedigrees (AGS76 and AGS126) and two nonconsanguineous AGS sibships of Maltese origin (AGS79, AGS104). Again, none of these families had identifiable mutations in TREX1, RNASEH2A, RNASEH2B or RNASEH2C. Microsatellite genotyping confirmed a region of homozygosity, between the markers D20S195 and D20S478, common to all six consanguineous pedigrees (Supplementary Fig. 2 online) . Additionally, within this interval, the two Maltese sibships had a shared 1.4-Mb region of homozygosity with identical alleles at seven polymorphic markers. Such an observation was highly suggestive of an ancestral haplotype, especially as founder mutations in the Maltese population have been previously identified in two other disorders 16 . On the basis of this smaller region, we considered the AGS5 critical interval to contain 20 RefSeqannotated genes. An overlapping autozygous region in an Arab family (AGS165) with three affected children indicated a further possible reduction of the AGS5 critical interval to a o1-Mb region between D20SG1 and D20S834.
Sequencing of the genes BLCAP, CTNNBL1 and TGIF2 within this interval did not identify pathogenic mutations. However, in eight of the nine pedigrees used to define the AGS5 locus, and in one further family (AGS145) not included in the initial mapping panel, we identified homozygous mutations in the SAMHD1 gene ( Table 1 , Fig. 1 and Supplementary Table 1 online). Both Maltese families carried the identical C4T transition in exon 4. Three additional homozygous mutations (one nonsense, one missense and one 12-nt deletion producing an in-frame loss of four amino acids) were identified in this same exon. Homozygous mutations were also found in exons 5 and 10 (both missense), intron 14 (acceptor splice site) and exon 15 (nonsense).
A further three probands were identified as compound heterozygotes, each carrying a missense mutation in exon 4 and a second missense (AGS82, AGS92) or nonsense (AGS91) mutation in exon 7, 5 and 12, respectively. In one additional proband (AGS156) we could identify only a single missense SAMHD1 mutation, which was maternally inherited.
All amino-acid alterations involved highly conserved residues ( Supplementary Figs. 3 and 4 online) . All mutations segregated with the disease in the families investigated and all parents tested were heterozygous for a relevant familial mutation. To investigate the effect of the intron 14 1609-1G4C mutation on splicing, we used RNA extracted from lymphoblastoid cells of the affected individual (AGS84) for RT-PCR. This showed that the predominant transcript resulted, as expected, from skipping of exon 15; full-length transcripts, and transcripts missing both exons 14 and 15 were also seen, albeit at lower levels ( Supplementary Fig. 5 online) . We did not identify SAMHD1 sequence changes in probands from a further 26 families fulfilling clinical criteria for a diagnosis of AGS and screening negative for mutations in TREX1, RNASEH2B, RNASEH2C and RNASEH2A.
SAMHD1 spans 59,532 bp of genomic sequence in 16 exons and encodes a 626 amino-acid protein. Using an antibody raised against recombinant SAMHD1, we determined wild-type SAMHD1 to be exclusively localized to the nucleus in control fibroblasts (Fig. 2a) . In cells of an affected individual (AGS128) carrying the Q149X substitution, SAMHD1 was also localized to the nucleus, confirming that the derived mRNA is not subject to nonsense-mediated decay, and indicating that the first 149 amino acids of the protein are sufficient for nuclear localization ( Supplementary Fig. 6 online) . However, expression was diminished and localization to internal nuclear structures was less clear. We corroborated these data by showing that both full-length SAMHD1 and the Q149X N-terminal green fluorescent protein (GFP)-tagged fusion proteins were able to confer nuclear localization (Fig. 2b,c) , and that the Q149X substitution resulted in reduced protein expression and an altered distribution within the nucleus.
SAMHD1 was originally identified in a human dendritic cell cDNA library 17 as an ortholog of the mouse IFN-g-induced gene Mg11, hence the alternative name dendritic cell-derived IFN-g-induced protein (DCIP). Other evidence implicates this protein in immune function, as it is upregulated in response to viral infections [18] [19] [20] and may have a role in mediating TNF-a proinflammatory responses 21 . The AGS1 protein TREX1 is induced as part of the IFN-stimulatory DNA (ISD) response, a cytosolic TLR-independent antiviral pathway that detects DNA and triggers immune activation through IRF3 (ref. 14). To determine whether SAMHD1 is similarly induced, we transfected macrophages from MyD88 knockout mice with immunostimulatory DNA and observed an upregulation of Samhd1 expression (Fig. 3) .
Performing the identical experiment in macrophages from MyD88/ Ifnar1 double knockout mice showed this expression to be interferon dependent. The latter result is consistent with reported data demonstrating induction of SAMHD1 by type 1 interferons (both IFN-a and IFN-b) 22 . The use of MyD88-null cells rules out the possibility of a TLR contribution to the above expression data and indicates that like TREX1, SAMHD1 may act as a negative regulator of the ISD response. SAMHD1 is the only identified human protein in which a sterile alpha motif (SAM) and an HD domain occur in tandem. SAMs are 65-70 residues in length and can serve as protein-interaction modules mediating interactions with other SAM domain and non-SAM-domaincontaining proteins 23 . Additionally, the SAM domains of Saccharomyces cerevisiae Vts1p and its Drosophila melanogaster homolog Smaug bind an RNA stem-pentaloop hairpin 24 . Modeling of the available structure of the N-terminal SAM domain of SAMHD1 (PDB 2E8O) with a similar RNA hairpin suggested differences in charge, which would preclude RNA hairpin binding ( Supplementary Fig. 7 online) . Additionally, using surface plasmon resonance (SPR), we were unable to identify an interaction with a variety of nucleic acid ligands (Supplementary Table 2 online). The HD domain, characterized by a motif with a doublet of divalent-cation-coordinating histidine and aspartic acid residues, is found in a diverse superfamily of enzymes with a predicted or known phosphohydrolase activity 25 . It is noteworthy that nucleotides are the substrates of five HD-domain enzymes characterized to date 26 , and a sixth, YhaM 27 , has a known exonuclease activity. Further work will be necessary to determine whether SAMHD1 also acts as a nuclease.
The elucidation of the genetic basis and cellular pathology of AGS is providing insights into key pathways of the innate immune response [28] [29] [30] . Our present findings suggest that like TREX1, SAMHD1 has a protective role in preventing self-activation of innate immunity by cell-intrinsic components. Further characterization of these cellular components is likely to influence our understanding of common autoimmune pathologies and general principles of antiviral defense.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Accession codes. SAMHD1 nucleotide, NM_015474; SAMHD1 protein, NP_056289.
Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Affected individuals and families. All affected individuals included in this study fulfilled diagnostic criteria for Aicardi-Goutières syndrome, with neurological features of an early-onset encephalopathy, negative investigations for common prenatal infections, intracranial calcification in a typical distribution, a cerebrospinal fluid lymphocytosis 45 cells/mm 3 and/or 42 IU/ml of IFN-a in the cerebrospinal fluid and/or chilblains. With consent, blood samples were obtained from affected children, their parents and unaffected siblings. Genomic DNA was extracted from peripheral blood leukocytes by standard methods. The study was approved by the Leeds (East) Research Ethics Committee (reference number 07/Q1206/7).
Genotyping. Genome-wide scans were conducted in four families (AGS73, AGS84, AGS109, AGS128) using the Affymetrix GeneChip SNP Human Mapping 50,000 array (50K Xba240). We collated and standardized these data to a single recent build using the SNPsetter program and analyzed the combined data using IBDFinder. We conducted high-density genotyping using established microsatellite markers and novel markers (D20SG1, D20SG2, D20SG5, D20SG6, D20SG7; Supplementary Table 3 online) derived from the UCSC Human Genome Browser sequence (March 2006 freeze). Microsatellite genotyping was done by standard PCR amplification using fluorescent primers and analysis on an ABI 3130.
Mutation detection. We designed primers to amplify the coding exons of SAMHD1 (Supplementary Table 3 ). Purified PCR amplification products were sequenced using BigDye terminator chemistry and an ABI 3130 DNA sequencer. Mutation description is based on the reference cDNA sequence NM_015474; nucleotide numbering begins at the first A of the ATG initiator codon.
